The Bcl-2 protein family is characterized by the ability to modulate cell death, and members of this family share two highly conserved domains called Bcl-2 homology 1 (BH1) and 2 (BH2) which have been shown to be critical for the death-repressor activity of Bcl-2 and Bcl-x L . Through sequence analysis we identified a novel viral Bcl-2 homolog, designated KSbcl-2, from human herpesvirus 8 (HHV8) or Kaposi sarcoma-associated herpesvirus. The overall amino acid sequence identity between KSbcl-2 and other Bcl-2 homologs is low (15-20%) but concentrated within the BH1 and BH2 regions. Overexpression of KSbcl-2 blocked apoptosis as efficiently as Bcl-2, Bcl-x L , or another viral Bcl-2 homolog encoded by Epstein-Barr virus, BHRF1. Interestingly, KSbcl-2 neither homodimerizes nor heterodimerizes with other Bcl-2 family members, suggesting that KSbcl-2 may have evolved to escape any negative regulatory effects of the cellular Bax and Bak proteins. Furthermore, the herpesvirus Bcl-2 homologs including KSbcl-2, BHRF1, and ORF16 of herpesvirus saimiri contain poorly conserved Bcl-2 homology 3 (BH3) domains compared with other mammalian Bcl-2 homologs, implying that BH3 may not be essential for anti-apoptotic function. This is consistent with our observation that amino acid substitutions within the BH3 domain of Bcl-x L had no effect on its death-suppressor activity.
DNA sequences of the eighth human herpesvirus were recognized in Kaposi sarcoma (KS) tissues of AIDS patients through the application of representational difference analysis to discern DNA sequences in KS that were absent from normal DNA (1) . This virus, known as human herpesvirus 8 (HHV8) or KS-associated herpesvirus, is more closely related to the ␥-2 herpesvirus, herpesvirus saimiri (HVS) than to Epstein-Barr virus (EBV) (a ␥-1 herpesvirus) based on DNA sequence analysis (1, 2) . The preferential detection of HHV8 in KS lesions together with epidemiologic evidence implicate HHV8 in the etiology of KS (1) . Recent serologic data suggest that HHV8 infections are acquired in the months to years prior to the onset of KS (3) (4) (5) . However, HHV8 may be endemic in some geographic locations (5) . Several cell lines derived from body cavity-based lymphomas (BCBL) are latently infected with HHV8 and productive lytic infection can be triggered in some of these lines upon addition of phorbol ester or butyrate (4, 6) , which is similar to the lymphomagenic viruses EBV and HVS. The role of HHV8 in the etiology of KS or BCBL is not known. bcl-2 was first identified at the t(14;18) chromosomal breakpoint of follicular B cell lymphomas (7, 8) . It is a potent cell death-suppressor (9) and represents an unique type of protooncogene that extends cell survival by inhibiting apoptosis rather than promoting cell proliferation (10) . Both EBV and HVS encode bcl-2 homologs called BHRF1 and ORF16, respectively (7, 11) . Gene transfer studies have shown that BHRF1 can block apoptosis induced by various stimuli such as withdrawal of serum (12) or growth factors (13) , treatment with anticancer agents, and infection with heterologous virus (14) . Overexpression of ORF16 from HVS also blocks Sindbis virus-induced apoptosis (V.E. Nava and J.M.H., unpublished data). Based on the similarity between HHV8, HVS, and EBV, we sought to identify a bcl-2 homolog encoded by HHV8 and to test if this homolog can block apoptosis.
MATERIALS AND METHODS
Cloning of KSbcl-2. Total DNA was prepared from a BCBL obtained from an AIDS patient, partially digested with Sau3A, and fractionated by sucrose density gradient centrifugation. The fraction containing 19-to 20-kb DNA was ligated into the BamHI site of EMBL3 (Stratagene). Partial mapping of the 19-kb clone 7.1 indicated its colinearity with the region of HVS containing ORF16.
Plasmid Constructions. The KSbcl-2 open reading frame (ORF) was amplified by PCR from clone 7.1 with primers containing BglII restriction sites (5Ј-AGTCAGATCTACCATG-GACGAGGACGTTTTG, 5Ј-GCCAAGATCTTTATCTCCT-GCTCATCGC) and inserted into a modified pSG5 (Stratagene) vector resulting in the addition of an N-terminal hemagglutinin (HA) epitope tag. The sequence of HA-KSbcl-2 was confirmed by the dideoxy sequencing method. An EcoRI-XbaI fragment containing HA-KSbcl-2 was blunt end ligated into the BstEII site of the double subgenomic Sindbis virus vector (dsSV) in both orientations (15, 16) . BglII fragments of human bcl-2, human bcl-x L , HA-tagged human bax, and HA-tagged human bak were each cloned into the BglII site of pSG5 for in vitro translation. The triple amino acid substitutions (residues 92, 95, and 96) within the Bcl-2 homology 3 (BH3) domain of Bcl-x L were accomplished by oligonucleotide-directed mutagenesis via two-step PCR. MuThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. Cell Viability and Immunoblotting. BHK cells were infected with different recombinant dsSV viruses at a multiplicity of infection (moi) of 5 plaque forming units per cell, and cell viability was determined by the trypan blue exclusion method at 48 h postinfection. At 16 h postinfection cell lysates were prepared from BHK cells infected with recombinant viruses at a moi of 5 and were immunoblotted with 12CA5 anti-HA antibody (Berkeley Antibody, Richmond, CA) and detected by ECL (Amersham).
Coimmunoprecipitation. Different combinations of Bcl-2 family members were cotranslated in vitro in the presence of [ 35 S]methionine using reticulocyte lysates (Promega) and analyzed by 12% SDS͞PAGE and autoradiography. Lysates (5-10 l) were immunoprecipitated with 12CA5 antibody and analyzed by 12% SDS͞PAGE and autoradiography.
Detection of KSbcl-2 in BCBL-1 Cells. Using a Quickprep Micro mRNA Purification Kit (Pharmacia), poly(A) ϩ RNA was prepared from BCBL-1 cells (6) that were untreated or treated with 20 ng͞ml 12-O-tetradecanoylphorbol 13-acetate (TPA; Sigma) for 48 h. Complementary DNA was transcribed using a cDNA Synthesis Kit (Boehringer Mannheim) and PCR amplified using primers specific for KSbcl-2 (described above) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5ЈACCACCATGGAGAAGGCTGG, 5ЈCTCAGTGTAGC-CCAGGATGC). Controls included DNase treatment of RNA and omission of reverse transcriptase. PCR products were separated on a 0.8% agarose gel and detected with ethidium bromide.
RESULTS
HHV8 Encodes a bcl-2 Homolog. A 6.6-kb BamHI subfragment of HHV8 genomic DNA from clone 7-1 was predicted to contain a bcl-2 homolog by analogy with the genome organization of HVS through mapping studies. This subfragment was fully sequenced and an ORF encoding a bcl-2 homolog, designated as KSbcl-2, was identified in the HHV8 genome at an equivalent position and orientation to that of ORF16 in HVS. In both genomes, the bcl-2 homologs are located between blocks of homologous genes that are conserved among all of the ␥ herpesviruses. However, the bcl-2 homolog in EBV is located between different conserved gene blocks compared with the homologs present in HVS and HHV8. Therefore, the acquisitions of bcl-2 homologs by ␥ 1 (EBV) versus ␥ 2 (HVS and HHV8) viruses may have been independent evolutionary events, although other explanations are possible. Alignment of the amino acid sequence of KSbcl-2 with that of several Bcl-2 family members (Bcl-2, Bcl-x L , Bax, Bak, ORF16, and BHRF1) indicate that KSbcl-2 shares colinear homology while significant amino acid identity is limited to the conserved BH1 and BH2 domains (Fig. 1A) . The overall amino acid sequence identity between KSbcl-2 and other Bcl-2 family members is low (15-20%) but within the range of identities observed for most family members (Fig. 1B) . Interestingly, the herpesvirus Bcl-2 proteins contain poorly conserved BH3 domains compared with other mammalian Bcl-2 homologs. Furthermore, the unstructured loop (amino acids 30-80) found in Bcl-x L and presumably Bcl-2 (17) is lacking in the viral homologs, potentially representing loss of regulatory mechanisms imposed on the cellular but not viral homologs. The viral homologs all contain a stretch of hydrophobic residues at their carboxy termini, ending with basic residues. By analogy to Bcl-2 and BHRF1, these hydrophobic regions are expected to mediate intracellular membrane localization (18) (19) (20) .
Overexpression of KSbcl-2 Inhibits Sindbis Virus-Induced Apoptosis. Sindbis virus, an alphavirus, has been shown to induce typical apoptosis of infected cells (21) (22) (23) . We have established a Sindbis virus vector system to test the ability of candidate death-regulatory genes to delay or accelerate Sindbis virus-induced apoptosis (15, 16) . The putative KSbcl-2 coding sequence with a N-terminal HA-tag was expressed via the Sindbis virus vector and proved to be equivalent to Bcl-2, Bcl-x L , and BHRF1 in its ability to inhibit Sindbis virusinduced apoptosis as indicated by Ϸ50% cell viabilities at 48 h postinfection compared to 2-3% with an irrelevant gene (CAT) or with KSbcl-2 in the reverse orientation ( Fig. 2A) . We and others have found that the HA-tag has no effect on the anti-apoptotic activity of Bcl-2 homologs (16, 24) . To verify the expression of KSbcl-2 protein, infected cell lysates were analyzed by immunoblotting with anti-HA antibodies. A protein of 24 kDa was observed only in cells infected with the recombinant virus encoding HA-KSbcl-2 (Fig. 2B) . The poor conservation of BH3 domains in the viral homologs and the apparent absence of BH3 in ORF16 suggests that BH3 is not essential for anti-death activity. To assess the role of the BH3 domain in the death-suppressor activity of Bcl-x L , amino acid substitutions were introduced into the BH3 domain of Bcl-x L (Glu to Gln change at residue 92, Asp to Ala change at residue 95, and Glu to Asp change at residue 96) and the anti-death function was assayed using the Sindbis virus vector system. The BH3 mutant was as efficient as wild-type Bcl-x L at inhibiting cell death (Fig. 2 A) , indicating that BH3 may not be directly involved in the death-suppressor activity of Bcl-x L .
KSbcl-2 Neither Homodimerizes Nor Heterodimerizes with Other Bcl-2 Homologs. One common feature among the Bcl-2 family members is that they often homodimerize or heterodimerize with other family members (25, 26) . Although neither homodimerization nor heterodimerization is required for the death-repressor activity of Bcl-x L , its heterodimerization with Bax or Bak negatively regulates the anti-apoptotic activity of Bcl-x L (16) . Likewise, Bax and Bak appear to have a pro-death function other than sequestering Bcl-2 and Bcl-x L (27) , but may still competitively inhibit the binding of a downstream target protein to Bcl-x L . To assess the dimerization of KSbcl-2, we performed coimmunoprecipitation assays of 35 S-labeled in vitro cotranslated proteins using anti-HA antibodies. KSbcl-2, Bcl-2, and Bcl-x L failed to coprecipitate with HA-KSbcl-2 (Fig. 3B, lanes 2-4) . KSbcl-2 also failed to coprecipitate with HA-Bax and HA-Bak (Fig. 3B, lanes 7 and  10) . However, Bcl-x L was coprecipitated with both HA-Bax and HA-Bak as expected (Fig. 3B, lanes 6 and 9) . To demonstrate that similar amounts of proteins were present in the translation mix, cotranslated proteins were analyzed before precipitation (Fig. 3A) . The lack of interaction between KSbcl-2 and other Bcl-2 homologs was further confirmed by yeast two-hybrid interaction assays (data not shown). Thus, KSbcl-2 neither homodimerizes nor heterodimerizes with Bcl-2, Bcl-x L , Bax, or Bak.
KSbcl-2 Is Expressed During the Lytic Viral Replication Cycle. Renne et al. (6) reported that a BCBL cell line, designated BCBL-1, is infected with HHV8 and lacks EBV sequences. Furthermore, treatment of BCBL-1 cells with a phorbol ester (TPA) significantly induces HHV8 gene expression. By analogy with EBV, which can be reactivated by treatment with TPA, TPA treatment of BCBL-1 cells apparently induces latent HHV8 to enter the lytic replication cycle, resulting in the production of mature virions (6) . To determine if KSbcl-2 was expressed in the latent or lytic phases of the viral replication cycle, BCBL-1 cells were analyzed by reverse transcription-PCR for expression of KSbcl-2 (Fig. 4) . Although roughly equivalent amounts of cellular GAPDH were detected in TPA-treated and untreated cells, KSbcl-2 was detected only in TPA-treated samples, indicating that KSbcl-2 is a lytic cycle gene, consistent with the fact that BHRF1 of EBV is abundantly expressed early in the lytic replication cycle (18, 19) .
DISCUSSION
Apoptosis or programmed cell death is an active process of cellular self-destruction with distinctive morphological and biochemical features (28) . It is essential for embryonic development and the maintenance of homeostasis of multicellular organisms. Programmed cell death can serve as a defense mechanism against intracellular microbes (29). Virus infections trigger host cell apoptosis, which can either limit virus production or contribute directly to viral pathogenesis (23, 30) . Inhibition of apoptosis either by viral genes or by induction of cellular death-suppressors blocks premature death of infected cells and thereby facilitates a persistent infection or prolongs the survival of lyticly infected cells to maximize the production of viral progeny (30, 31) . Many viruses encode anti-apoptotic genes, including p35 and iap of baculoviruses (32, 33) and E1b-19K and -55K of adenoviruses (34) that, when deleted, severely impair progeny virus production. Through sequence analysis we have identified a Bcl-2 homolog encoded by HHV8 and have proven its death-suppressor activity using the Sindbis virus vector system. Expression of KSbcl-2 could provide a selective advantage to HHV8 by inhibiting apoptosis either in primary infections or during reactivation from latency, consistent with its expression during the lytic replication cycle.
Prolonged cell survival mediated by the bcl-2 gene predisposes cells to additional genetic changes in conventional oncogenes such as c-myc, thus enhancing tumor progression (35, 36) . Within the ␥ herpesviruses, EBV, HVS, and HHV8 are closely associated with tumors and all encode a bcl-2 homolog. However, BHRF1 is dispensable for in vitro transformation of B-lymphocytes by EBV (37, 38) , and therefore may not be directly involved in EBV lymphomagenesis. Nevertheless, BHRF1 blocks epithelial cell differentiation and could potentially contribute to the development of epithelial tumors such as nasopharyngeal carcinoma (39) . HHV8 also encodes a cyclin D homolog that can be detected in KS lesions (40) . In addition to its role in cell cycle progression and tumorigenesis, cellular cyclin D has also been shown to induce apoptosis (41, 42) . Thus, an anti-apoptotic activity could potentially counteract a pro-death signal of cyclin D. Like KSbcl-2, the HHV8 cyclin D homolog is also expressed during the lytic cycle (D.S.B. and J.M.H., unpublished data), raising the possibility that other lytic cycle genes such as KSbcl-2 also may be expressed in KS tumors.
Bcl-2 family members can be divided into two subgroups, death-inhibitory and death-promoting homologs. The former includes Bcl-2 and Bcl-x L (9, 43), while Bax and Bak represent the latter subgroup (24, (44) (45) (46) . Although it has been debated which subgroup mediates the downstream effects that regulate cell death, site-specific mutagenesis studies of Bcl-x L indicate that Bcl-x L can protect cells from apoptosis by a mechanism independent of Bax and Bak (16) . That is, Bcl-x L appears to have a function other than simply sequestering Bax and Bak through heterodimerization. Here, we demonstrated that overexpression of KSbcl-2 blocks Sindbis virus-induced apoptosis at levels comparable to those displayed by Bcl-2, Bcl-x L , and BHRF1 despite its inability to heterodimerize with Bax or Bak. These results further support our hypothesis that the deathinhibitory Bcl-2 homologs have downstream pro-survival functions and are active effectors in blocking apoptosis. Likewise, Bax and Bak may have pro-death activity that is independent of their ability to heterodimerize with the pro-survival family members (47) . Mutant Bax lacking the BH3 domain, which is required (and sufficient) for heterodimerization with Bcl-x L , can still antagonize the anti-apoptotic function of Bcl-x L (27, 48) . Thus, the pro-survival and pro-death members of the Bcl-2 family may have independent activities. Nevertheless, heterodimerization may serve to regulate the function of Bcl-2 family members through a balance in the ratio of deathsuppressors to death-inducers. Because KSbcl-2 fails to bind with Bax or Bak, it could potentially escape negative regulation by Bax or Bak and represent a powerful death-suppressor. Alternatively, unidentified cellular factors may exist that counteract the death-repressor activity of KSbcl-2 and function by a mechanism similar to Bax and Bak. BHRF1 also fails to heterodimerize with Bax. Although BHRF1͞Bak heterodimers have been reported, Bak apparently has anti-apoptotic rather than pro-apoptotic activity in B lymphocytes, the target cells for EBV (46, 49) . Site-directed mutagenesis of Bcl-2 suggests that homodimerization also is not required for the death-repressor activity of Bcl-2 (50). Furthermore, neither structural (17) nor biochemical analysis (E.H.-Y.C. and J.M.H., unpublished data) suggest that Bcl-x L forms homodimers. The lack of homodimerization of KSbcl-2 provides additional evidence that homodimers may not be the functional moiety for Bcl-2 homologs to block apoptosis.
Although the BH3 domains of Bax and Bak facilitate cell death and mediate heterodimerization with Bclx L and Bcl-2, the role of BH3 in Bcl-2 and Bcl-x L is not clear. Interestingly, the Bcl-2 homologs from ␥ herpesviruses, including BHRF1, ORF16, and KSbcl-2, contain poorly conserved BH3 domains compared with the mammalian homologs but still efficiently protect cells from apoptosis. Furthermore, we demonstrated here that amino acid substitutions within the BH3 domain of Bcl-x L had no effect on its death-repressor activity. This suggests that BH3 is not directly involved in the deathrepressor activity of Bcl-2 homologs. Based on the structural analysis of Bcl-x L , BH3 is in close proximity to both BH1 and BH2, which may suggest a regulatory role of BH3 on the death-inhibitory activity of BH1 and BH2 (17) . Therefore, the distinct BH3 domains of viral Bcl-2 homologs could potentially represent a virus-specific regulatory mechanism.
